An aerodynamic balance can be constructed very simply and allows the lift and drag forces on an aerofoil to be measured by students. The apparatus is described here and its possible uses discussed.
is a general view of the apparatus, and figure 2 shows it in elevation. The aerofoil A is mounted on a wooden frame W which rests on two knife-edge supports, B and C. B is a distance d vertically below the aerofoil, whilst C is an equal distance d horizontally to the right of B. P and Q are two similar electric balances, each reading to the nearest gram. The frame is placed with one knifeedge resting on each balance.
When the air stream generator G is turned on a lift force L and a drag force D act on the aerofoil, and these produce extra forces on the frame at B and C (figure 3). F 1 and F 2 are friction forces, X is an increase in the normal reaction at C and Y is a 
The procedure is therefore very simple. With the air stream switched off, the aerofoil is set at the required angle of attack, balance Q is zeroed (with the frame resting on it) and balance P read. The air blower is now switched on and both balances read again. If p 1 is the initial reading of balance P, and p 2 and q are the final readings of P and Q, then clearly q ϭ X, so from equation (1)
The dimensions of the frame are chosen to suit the balances and air blower being used: in our apparatus d ϭ 173 mm. Some extra masses are placed on the base of the frame to bring the total mass up to about 1 kg; unless the air speed is very high, this is sufficiently heavy for friction to prevent the frame from being blown sideways when the air stream is on. The aerofoil is made of wood mounted on a thin metal spindle, and supported as shown in figure 4 . The aerofoil spindle is gripped in a hinged clamp which is held firmly closed by a bulldog clip; releasing the clip allows the aerofoil to be turned to a new position. A pointer attached to the spindle and an angular scale fixed on the front of the frame allow one to read off the angle of attack . Figure 5 is a typical set of results for an aerofoil with the shape and dimensions shown in figure 6. Since the balances are calibrated in grams, equations (3) and (4) give the lift and drag in 'grams force' (gf, where 1 gf ϭ the weight of a mass of 1 gram). Assuming one is interested in the form of the graphs rather than actual force values, it is simplest to plot the data in these units, as is done in figure 5 ; however, one could multiply by 0.0098 to convert to newtons if desired. The angles can be read to about the nearest degree, and repetition of the measurements shows that the uncertainty in the lift and drag values is roughly Ϯ 1 gf. Readings can be taken very quickly: the complete set of data for figure 5 was collected in under 15 minutes. The graphs show clearly the sudden reduction in lift which occurs when the aerofoil stalls at about 15 o , and it is worthwhile to attach some short lengths of thread to the upper surface to demonstrate the onset of turbulence. One can also see from figure 5 that the lift-to-drag ratio is greatest at around 5 o ; however, the force measurements are not accurate enough to enable the optimum angle to be determined very precisely. Several features of the construction and arrangement of the apparatus are important to ensure accuracy. First, it is essential that, when the balances are loaded, the resulting depression of the weighing platform should be negligible compared with the distance d. If it is not, then switching on the air stream will tilt the apparatus significantly, leading to an error in . Fortunately the balances we use are excellent in this respect, and there is no problem. Secondly one must be careful with the air stream. As figure 1 shows, the aerofoil projects forwards beyond the front of the balances. This is necessary because otherwise, at large angles of attack, the slipstream from the aerofoil would be directed down onto balance Q, affecting the drag reading. One must also ensure that the air stream impinges only on the aerofoil and not on the frame itself. A minor problem with the apparatus is that air blowers produce quite a lot of vibration, and if the blower stands on the same hard surface as the balances the vibration gives rise to unsteady readings. This problem is reduced if the blower is placed on a suitable mat, but the best solution is to stand it on a separate table. One shortcoming of this apparatus, which it shares with conventional aerodynamic balances using pivoted beams and scale pans, is that there is a systematic error in the drag measurement. This arises because the centre of pressure of the aerofoil (the point through which the forces D and L act) is not actually a fixed point but varies as the angle of attack is altered. For typical aerofoils it lies about one third of the way back from the leading edge when is in the range 5 o to 15 o , but moves further back for larger or smaller angles (Kermode 1972). Consequently one cannot mount the aerofoil so that force L always acts exactly through B as we have shown in figure 3 . In general its line of action will miss B by a small amount, producing a moment about B which leads to an error in the measurement of the drag. One can show by taking moments about B that the fractional error in the drag is Lx/Dd, where x is the perpendicular distance from B to the line of action of L. We must therefore ensure that x ϽϽ d whenever the lift-to-drag ratio is large. Mounting the aerofoil spindle one third of the way back from the leading edge guarantees that x is very small for angles from 5 o to 15 o , but outside this range it can be a sizable fraction of the 'chord' (the distance from leading to trailing edge). The chord must therefore be much smaller than d. Since d cannot be too large if the apparatus is to be reasonably compact, the chord must be small, but some compromise is necessary. To produce lift and drag forces large enough to measure, the area of the aerofoil must be reasonably large, so a small chord means a long aerofoil. In principle this is a good thing because it makes the aerofoil more like a real aircraft wing, but I have found that the results with long aerofoils are less satisfactory because the peak in the lift graph is not so pronounced. This may be associated with aerofoil vibration or non-uniformity of the airflow, both of which are more of a problem when the aerofoil is long. For a convincing demonstration the aerofoil dimensions shown in figure 6 have proved to be a suitable compromise. Rough estimates using data from Kermode (1972) suggest that in this case the error in the drag because of movement of the centre of pressure is at most a few per cent for angles in the range 5 o to 15 o . Above 15 o it will increase a bit as the centre of pressure moves back, before falling once more as L/D becomes smaller and the tilt of the aerofoil reduces the perpendicular distance x. The largest drag error occurs for angles within a degree or two of zero. Here the centre of pressure lies well back, and with L/D still large the drag error could rise as high as 50%. I think that for school use these errors are acceptable, because the emphasis is on the general shape of the graphs rather than on precise figures. It is also worth noting that the lift measurements, which are generally of more interest than those of drag, are accurate; since they only involve balancing vertical forces, and not the principle of moments, they are unaffected by movement of the centre of pressure.
The experimental procedure described above is a quick and neat way to use the apparatus, and is appropriate for Advanced level students for whom the theory should be straightforward. However, there are several possible variations. One is to measure L and D separately, as shown in figure 7 . To find L, the whole frame is placed on one balance with extra blocks underneath to stop it falling over (figure 7(a)), and the reduction in the balance reading found when the air stream is turned on. D can be measured as before, but with balance P replaced by a suitable wooden block ( figure 7(b) ). This procedure takes a bit longer, but it has the advantage of only requiring one balance and it is also simpler to understand. It is a better approach with younger pupils, particularly if one merely wants to demonstrate lift, and perhaps how it varies with angle, and is not concerned with measuring the drag at all. A further possibility, again using two balances, is shown in figure 8 . Here, lift and drag are measured as in figure 7, but they are done simultaneously, balance Q indicating the drag whilst the reduction in the reading of P gives the lift. (It does not matter that the lift acts to one side of balance P; it produces only a small shift in the position of the total reaction on the balance, which does not upset the reading at all.) In some ways this is an improvement on our original method because it is just as quick and the theory and calculation are simpler. However, I feel that, compared with figure 2, the arrangement of apparatus in figure 8 looks rather contrived. Perhaps the ultimate simplification would be to use the method of figure 8 but to mount the aerofoil upside down so that the 'lift' force acts vertically downwards. One could then zero both balances with the air stream off, and when it was switched on P would read the lift and Q the drag. A technique that gives the required quantities directly without calculation is certainly attractive, particularly for a demonstration; however, I think that in school use it is probably better to have the aerofoil the 'right' way up, and that a little subtraction is a small price to pay.
